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ABSTRACT 
Adaptive switchable surface with smart materials are the next frontier in polymer 
science engineering and technology. This emerging state of the art technology has been 
received considerable attentions and great amount devoted last decade. In this research, 
we observed novel nanoscale surface structures of segregated pinned micelles and 
craterlike micelles formed by grafted Y shaped molecules and their reversible 
reorganization in selective solvents. The Y shaped molecules have two incompatible 
polymer chains (polystyrene and poly(tert-butyl acrylate)) attached to a functional 
stemlike segment capable of covalent grafting to a functionalized silicon surface. 
Postgrafting hydrolysis of poly(tert-butyl acrylate) arms imparts amphiphilicity to the 
brush. We demonstrated that spatial constraints induced by a chemical junction of two 
relatively short (6-10 nm) dissimilar arms in such Y shaped molecules lead to the 
formation of segregated micellar surface nanostructures in the grafted layer. We proposed 
a model of these segregated pinned micelles and the corresponding reverse micelles 
(craterlike structures) featuring different segregation states of hydrophobic polystyrene 
and hydrophilic poly(acrylic acid) arms. The arms undergo conformational 
rearrangements in selective solvents in a controlled and reversible fashion. These 
nanoscale structural reorganizations define adaptive macroscopic wetting surface 
properties of the amphiphilic Y shaped brushes. Such surface can respond to external 
stimuli which can be utilized in a microfluidics channel, micropumps, and MEMS. 
1 
CHAPTER 1 
LESSON FROM NATURE: ADAPTIVE POLYMER SURFACE 
1.1 Modification of adaptive polymer Surface 
In 1980s, new technology requirements for chemically active materials led to the 
development of novel techniques to bind organic molecules to the surface of inorganic 
substrates. These novel techniques allow surface properties and functionalities to be 
tailored to a specific purpose.1,2,3 Polymer surface modification is very significant to tune 
surface properties in a wide range to meet the necessary particular properties such as 
wettability, permeability, roughness and biocompatibility. Careful design and control of 
surface properties can be great benefit in engineered microsystems. Later on the novel 
concept of switching film was first proposed in late 1999,4 This approach has allowed for 
the realization of highly controllable polymer surfaces, which can be applied to the Nano-
or microelectromechanical systems (MEMS, and now NEMS) industry to tune properties 
such as wettability, adhesion, friction, and roughness on surfaces of moving or sensing 
components in these devices. Recently, new surface modification approaches with the 
unique adaptive polymer film to create a "smart" surface have emerged which provide 
dynamically alter surface physical-chemical properties. Such surfaces hold great promise 
in designing with adaptive and gradient properties controlled by molecular interactions. s,6 
Smart polymer surfaces are capable of delivering or adsorbing some species and 
sensing and adapting to very subtle changes in the surrounding environment such as pH,' 
2 
surface pressure,$ temperature,9 light,10 electronic potentialll and solvent quality 12'13'14 
(listed in Table 1) and mimicking of those principles brings stimulating ideas for the 
fabrication of synthetic polymer interfaces for various possible technical applications. 
Hence, adapt polymers surfaces are significant in designing of nano-electromechanical 
and regenerable MEMS sensors, and microfluidic bioanalytical devices (Figure 1)15 with 
adaptive and gradient properties controlled by molecular interactions.l6, 1 ~' 1 s, 19, 20, 21 
However, it is questionable to obtain suitable layer internal structures and several optimal 
parameters for modifying layer to create optimal adaptive response. ~1Vith different 
combination of chemistry, the adaptive surface can be fabricated via several different 
models of surface modification systems and be tuned under different environmental 
Stimuli (Table 1). 
Physical Chemical Biochemical 
Temperature pH Enzyme substrates 
Ionic strength Specific ions Affinity ligands 
Solvents Chemical agents Other biochemical agents 
E. M. radiation (UV, visiable) 
Electronic fields 
Mechanical stress, strain 
Sonic radiation 
Magnetic fields 
Table 1. Environmental Stimuli 21 
Several modification approaches such as modified by irreversible grafting of a stable 
performed polymer, direct initiation of polymer chain from a surface, polyelectrolyte 
3 
deposition, plasma deposition and polymerization within a Langmuir-Blodgett (LB) film 
can lead to well-defined surface with better microscopic properties. These polymer layers 
possessed low adhesion, intermediate friction coefficient, and significant wear resistance 
to mica, silicon, silica, gold, 
Responsive polymer valve 
~~ 
Figure 1. Using stimuli-responsive polymer, valves and pumps have been developed 
within microfluidic channels. From reference 22. 
polymer film and biomedical surface.22 '23 The most versatile, effective and simple 
method for functionalization of inorganic surface developed last few years for surface 
modification has been self-assembled monolayer (SAMs). With nanometer-thick 
monolayer, SAMs has been confirmed to be a powerful nature accomplishes the 
construction of well organized materials surface through the process of self-assembly, 
4 
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Figure 2. (A) Schematics representation of the stimuli polymer (NIPAM) surface with 
anchor of functionalized SAMs (B) Contact angle result of stimuli NIPAM surface. 26' 
relying on non-covalent and covalent interactions between relatively small forerunner 
molecules. 1'2'3 SAMs provide a wonderful opportunity to controllably change the order 
in monolayers at the nanometer scale and play the role of coupling agent with 
functionalized at both end. However, SAMs do not have sufficient ability to form 
adaptive surface with low molecular weight and lack of ability for large scale 
conformation changes and elastic deformation of their chains to response external 
stimulus.24 SAMs plays a important role as an anchor for tailor adaptive surface and thus 
polymer is "chemically coupled" or graft to silicon substrate via finctionalized ends to 
attach polymer to inorganic surfaces (Figure 2).25
Recent progress in polymer science requires advanced methods not only for 
reducing surface to nanoscale but also tuning new nano-structure surface. Traditional 
5 
method for surface structure characterization are optical and electron microscopes. 
However, the optical microscope is giving only 2-D projection, and limited to resolutions 
of greater than 5 microns. Atomic Force Microscopy (AFM) is most important for 
polymer science which produces three-dimensional (3D) image of a polymer surface at 
atomic resolution and is be able to distinguish between different polymers by 
measurement of Van der Waals force.26 AFM provides renovation of advance of polymer 
science especially for stimuli polymer surface. Direct visualization images of polymer 
surface is helpful for understanding the effects in changes in environmental stimuli and 
process condition. Moreover, AFM not only can provide high resolution topographic 
images and also can measure mechanical properties in aqueous or air and physically 
relevant environments without the need to stain the specimen. Z~,Zs 
1.2 Current development in adaptive surface 
Over the past 20 years, polymer scientists have been involved with the synthesis and 
application of stimuli-responsive polymer system. Adaptive surfaces as previous mention 
are macroscopic responsible and capable of responding and tuning to very subtle changes 
in surrounding environment. This microscopic response caused by the characteristic 
length and shape of the formed material structures (mostly by self-assembly and 
self-organization) is given by the size and geometry of the starting units. Such specialized 
functions can be independently encoded in the chemical composition and patterning of 
the individual polymers. Moreover, such response can be used as chemically driven 
actuation which has tremendously advantage over the conventional microactuators 
(conventional microactuators require external power for operate and relatively complex 
6 
assembly). With those promising features, stimuli surface can be used to control 
adhesion, bio-compatibility, intelligent, responsive surfaces, nanoscale actuators, pumps 
and valve, microfludic system and can be engineered in a rational manner 29'30'31 From 
this broad range of potential, several attractive applications demonstrate the prospective 
of stimuli polymer surface. Recent advances in the design of stimuli-responsive polymers 
surface has application in regenerable biosensor, chemical gate, micrelectronical systems 
and microfluidic bioanaytical devices. 
The ultimate goal is the ability to control the arrangement and interactions of 
nanoscale objects by functional interfacing, which means the regulation of both the 
common operation and the flow of information between a group of objects. For that 
purpose, it is also useful to identify medium-term goals. Several developments are clearly 
not exhaustive and are intended to stimulate further discussion. Very recently Lahann et 
al. (2003) report that a reversibly switching surface in response to an electrical potential. 
As previously mentioned, conventional SAMs do not have sufficient ability to form 
stimuli surface. The challenge is to create SAM with enough space between molecules to 
allow each to bend down. Conventional SAMs are characterized by very dense 
assemblies of molecules so tightly packed together that they have very limit of space to 
move .32 Lanhann's group supplied external change by synthesizing novel alkanethiol 
SAMs with bulky mushroomlike head. They are the first to make the switch by using an 
external force to change the molecule's shape rather than their chemical makeup.11 This 
new approach they engineered a surface that can change from water-attracting to 
water-repelling with the application of a weak electric field. Switch the electrical 
potential of that field from positive to negative and the surface reverts to its initial affinity 
for water. Although the effects were not enormous on a macro scale, it can prove that 
even small change in surface could create new way to maneuver molecules in fluids. 
And more importantly, the technique could be use for separating out protein species of 
interest or coaxing an implanted semiconductor chip to release cargo of therapeutic drugs. 
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Figure 3. Representation of transition between straight (hydrophilic) and bent 
(hydrophobic) molecular confrmations. The precursor molecule MHAE, 
characterized by a bulky end group and thiol head group, was synthesiszed from 
MHA by introducing the (2-chloropheyl) diphenylmethyl ester group. Electrically 
activated molecular nosedived can make a thirsty surface repel waters l 
Other applications for adaptive surface were to build up ultrasensitivities MEMs or 
BioMEMS sensors. An innovate stimuli platform was developed for ultrasensitive 
microsensors based on microcantilevers patterned. For example, polymer-coated 
microcantilevers were used to successfully detect the selective absorption of organic 
solvent by Hagleitner et al (2001).33 A decade ago, researchers have demonstrated that 
microcantilever-based AFM are capable of measuring molecular forces, such as 
8 
hybridization of complementary DNA strands interaction (Lee et al, 1994) 3a , 
antigen-antibody interaction (Hinterdorder et al., 1996) 3s , 36 and to control mutual 
adhesion of objects is using nanostructured surface patterns. More recently advance of 
ultrasensitive biomems were modified with copolymeric hydrogels by Peppas and 
coworkers (2003).37 Such surfaces of the microcantilever need to be functionalized to 
provide for selective detection of an analyte or environmental condition.3s,39,ao,ai .I,he 
hydrogels sensed and responded to changes in environmental pH resulting in a 
variation in surface stress that deflected the microcantilever. The bending response of 
patterned cantilevers with a change in environmental pH was observed (Figure 5).37
Advanced applications also include Beebe et al. (2000) micropatterned pH-sensitive 
hydrogel inside microfludic channels (Figure 6) create micro-valves (Figure7) that could 
sense environmental conditions and rapidly actuate in response.42 Correspondingly, 
Madou and coworker (2000) utilized a blend of a hydro gel and redox polymer to create 
an "artificial muscle" that could act as an electro-actuated microvalve for possible 
application in control drug delivery.a3
To summarize, all of these novel strategies for reversible environment response are 
not only from the basic polymer surface designer viewpoint but also from the perspective 
of biomedical, smart sensor and microfludic technologies applications. Future work for 
this novel surface with smart properties will include developing surfaces that have 
different switchable properties as well as tailoring the proof-of-concept system for 
different applications and create opportunities for nanobiotechnology system by working 
* Hydrogels consist of crosslinked LOST (lower critical solution temperature)-polymers, attempt to 
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Figure 4. (A) MEMS sensor platform based on a microcantilever pattered with an 
environmentally responsive hydrogel. (B) Schematic of the pH dependent swelling 
process of anionic hydrogel: a crosslinked polymer (methacrylic acid) (PMMA) is 
illustrated.(C), (D)Equilibrium bending data and dynamic swelling response versus 
pH. 
control the water content by changing the gel polymeric structure . Hydrogel can be made sensitive to the 
conditions of the surrounding environment, such as temperature, ph, electric field or ionic strength. 
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Figure 5 (a) A diagram o f th e hydro g e l 
jackets around the posts. (b) The actual 
device after polymerization of the hydrogel. 
(c) The hydrogel jackets block the side 
channel branch in their expanded state. d, 
The contracted hydrogels allow fluid to fluid 
down the side branch. e, The improvement in 
time response of the hydrogel jacket design 
(circles) versus an alternative design that 
uses a single larger cylindrical structure. 
channel (squares). 
a 
b 
d e 
Figure 6 A shut-off valve. (a)A diagram 
of the valve design. The arrows denote 
the direction of fluid flow. (b), (c) The 
hydrogel structure expands and deforms a 
membrane, blocking flow in an adjacent 
channel. The fluid in the blocked channel 
has been dyed for visualization purposes. 
(d) (e), The hydrogel contracts, and the 
membrane returns to a position that 
allows flow in the adjacent channel. 
in fluctuating "wet" environments. 44 ' 4s , 46 Furthermore, the promising development 
beyond this is to use nature polymers such as protein and DNA which have specific 
secondary structure and colloidal nanoparticles incorporation of stimuli-sensitive function 
to modulus specific structure in nanoscale. Such work may also pave the way for systems 
that could, for example, release or absorb cells and chemicals from surfaces on demand. 
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1.3 Nanoscale Stimuli-Response Polymer Brush surface 
Nanoscale stimuli surface structures can be tailored by several techniques. Some stimuli 
surface responds to a combination of two or more stimuli. Patterned organic film provides 
variety tailored properties that could be used for miniaturinizing and integrating chemical 
and physical process such as mixing, separation, purification, and detection to create 
microfludic systems for applications such as data storage, microfluidics and bioassay.47,4s
Again, such surfaces can be reversibly triggered, patterned, and switched for example, 
surfaces patterned with hydrophilic and hydrophobic spots will preferentially bind to a 
matching pattern, but result in non-binding for non-compatible structures.49,so For designing 
patterned stimuli polymer surface which can be reached by microcontact printing and 
fabrication of grafting mixed polymer brushes 51 or block-copolymer structures on to 
surfaces. 52
Brush layers are desirable in such adaptive stimuli because their surface properties and 
functionality can be easily altered. Polymer brush can be effective only if the polymer 
chains are covalently tethered to the substrate. Most effective would be tethered layers in 
the brush conformation when the substrate is completely covered with a relatively dense 
monolayer of stretched grafted chains. The radius of gyration of polymer chain increases 
several times when the chain switch from a collapsed to swollen conformation upon 
exposure to poor and good solvents. It has been shown that the shift in the balance of lateral 
and vertical phase separations of dissimilar polymer chains or polymer chains and solute 
molecules are responsible for this phenomenon. 53 Adapt layers of surface-attached 
polymer brushes offer athree-dimensional scalable pathway towards engineered material 
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interfaces. Interfacial and polymer brush layers undergo substantial swelling and contraction 
in response to specific stimuli, making them excellent candidates for adaptive surfaces or 
switchable surfaces with sensing and actuating capabilities. Nature provides very exciting 
examples of exploring the idea of stimuli materials to organize very sensitive and multilevel 
response from a conformational of biomacromolecules.s4
Pattern recognition tailored from polymer brush for example is a promising way to build 
stimuli surface, because the degree of binding is proportional to the resemblance of the two 
patterns, thus relative patterns are also recognized. In this fashion, patterns based on 
gradients can be used to precisely 
~e cnpera~~ur~f 
~~~tt~~t~v~t 
Figure 7 Patterned surfaces with hydrophilic and hydrophobic stripes that will only 
bind when the pattern matches exactly, can be used to precisely position two objects. 
b, A simple case of a stimuli responsive surface. Depending on external conditions, 
either the blue polymer (hydrophilic) or the red polymer (hydrophobic,) forms the 
surface. Such structural changes can work, in principle, at molecular resolution. 50 
13 
position two objects with nanometre precision (Figure 5 a). 50 This kind of "field" 
imprinting was predicted by theoretical and modelling studies55 to lead to protein-like 
polymers. This polymer can recognize surface patterns, particle sizes or polarity gradients, 
due to the 'memory' of their formation. It is important to note that these systems has an 
immense approach to minimize the scale of devices, NEMS and sensors to provide rapid 
respond. However, those systems have not been sufficient experimentally confirmed. There 
are several problems need to be solved such as how to reduce randomness in polymer 
sequences built from two or more different monomers and understanding of the kinetics and 
mechanism after rearranged. 
1.4 Definition of polymer brush 
The polymer chains tethered with one end to solid substrates form brush-like layers 
with functional terminal groups by chemical attachment. When the distance between 
grafted chains is smaller than an average end to end distance of the polymer chain, the 
layer of the grafted chains under is in the regime of the "polymer brush".s6,s~,ss polymer 
brushes refer to an assembly of polymer chains which are using functional group to react 
directly to a surface or via the S1-~Ms precursor molecule, or an interface.s9,6o With only 
one end of functional terminal groups such as carboxyl, amine, epoxy, sulfate, phosphate, 
hydroxyl, polymer brushes is very suitable subject for theoretical analysis and 
experimental study because its behavior can be easily to modeled and interpreted.61 
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Figure 7. Simplified view of macromolecular brushes chemically tethered to a silicon 
substrate via reactive interfacial SAM. 
Polymer brushes gained attention in the 1950s when it was found that grafting 
polymers to colloidal particles was successful to prevent flocculation. 62 Particular 
interest of polymer brush is developing strategies for tailoring the structure of the grafted 
layer in order to control the properties of the system. Tethering polymer brushes are also 
a central model for many practical polymer systems such as polymer micelles; block 
copolymers at fluid—fluid interfaces 63 (e.g. microemulsions and vesicles), grafted 
polymers on a solid surface 64 (Figure2), adsorbed diblock copolymers and graft 
copolymers at fluid—fluid interfaces65. All of these systems have a common feature: the 
polymer chains exhibit changeable configurations. Solvent can be either present or absent 
in polymer brushes. In the presence of a good solvent, the polymer chains try to avoid 
contact with each other to maximize contact with solvent molecules. With solvent absent 
(melt conditions), polymer chains must stretch away from the interface to avoid 
overfilling incompressible space.59 Recently, polymer layers fabricated from molecular 
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segments with different amphiphilicities were been designed to act as "smart" or 
switchable surfaces. It is commonly admitted that polymer brush should be quite efficient 
in many technological application. However experiments are difficult to reach these 
because as soon as the first grafted chain begins to overlap, they repel each other. 
Polymer brushes are typically synthesized by two different methods, physisorption 
(reversible) and covalent attachment (irreversible). Physisorption normally involves 
absorption of block copolymers onto a substrate, where one block interacts strongly with 
the surface and the other block forms the brush layer. 66 The disadvantages of 
physisorption include thermal instabilities due to the non-covalent nature of the grafting, 
poor control over polymer chain density and complications in synthesis of suitable block 
copolymers. Irreversible chemical tethering of the polymer chains to the surface is one 
way to surmount these disadvantages. 
The configuration of the polymer bonding chains of brushed surface can be defined 
as three different types with different solution concentrations (Figure 8) which transition 
predicted earlier by S. Alexander (1977).67 For small values of the anchor density, both 
the anchors and the backbones reside close to the interface, and thus the adsorbed 
polymer layer takes a so-called "pancake" shape. As the surface density of the anchors 
are increased, the anchors replace more backbone monomers on the interface. The chain 
may form a conformation known as "mushroom". At still higher density, the layer 
becomes more extended, like a grafted "polymer brush". It was verified the pancake to 
brush behavior becomes sharper as the chain length is increased. Also, the transition 
region varied with molecular weight, but did not vary with end-group adsorption strength. 
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The thickness of the polymer layer, however, increased with increasing end-group 
adsorption strength. 6g , 69 More detail of behavior and characterization of polymer 
brushes will be discussed in chapter 2. 
~t~shr~~ 
pan 
Figure 8. Simplified picture of the different structures that a tethered polymer layer 
may adopt. The cases shown include purely repulsive surfaces: a) Mushroom regime, 
at very low surface coverage, b) Brush regime, high surface coverage. For surfaces 
with attractive interactions with the monomers of the A block: c) Pancake regime, for 
low surface coverage and forming a second layer at a fluid-fluid interface. 
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1.5 Tailor stimuli polymer surfaces 
Generally, all of these developments substantiate the idea of surface modification 
can be an effective means of controlling the surface properties. As the matter of fact 
only few polymer systems have been studied and tailored stimuli-response surface by 
using block copolymer or binary brushes. Stimuli-responsive surface polymer layers can 
be designed by using a variety of approaches including the reversible photoisomerization 
reaction, reversible temperatue-shrink/extension, swelling/collapse of water-soluble 
grafted polymers, phase separation in binary grafted brushes or diblock copolymers and 
trapped polymer in nonequilibrium state.~o,~1,~2,~3,~4 Therefore, it is extremely important 
that such stimuli sensitive polymer systems should be developed which are processable 
into structurally strong, thin desirable shapes. These polymers should also contain 
chemical site that may be used for subsequent crosslinking or attachment of specific 
structure. 
Under these requirements, more fabricated polymer systems need to be developed in 
order to minimize scale to obtain fast transitions, high functional efficiency and good 
durability. Polymer brushes composed of flexible polymer chains tethered to a solid 
substrate are a subject of intensive theoretical and experimental investigations.~s'76 For 
these systems, different conformational changes of dissimilar polymer chains A and B 
with high molecular weights randomly tethered to a solid surface resulted in dramatic 
structural reorganization. It has been shown that the shifts in the balance of lateral and 
vertical phase separations of dissimilar polymer chains with segregated regions 
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measuring 10-300 nm across are responsible for this phenomenon. ~~ Such an adoptive 
behavior is very promising for engineering reversible smart surface. 
However, only few polymer systems have been studied such as diblock copolymer, 
binary mixed polymer brush, and protein-like globular structure AB copolymer for this 
approach. For responding external stimuli, it is imperative to observe heterogeneities 
layers. Those are controlled by chemical attachment, grafting density, and composition of 
chain A and B according recent theoretical prediction. Recent sophisticated designs of 
stimuli surfaces are under several considerations. For example, can one fabricate a 
monolayer of organic molecules attached to the particular surrounding media? Can the 
lm reversibly change the surface texture with unique adaptive properties? How local 
structure change has yet remained unknown? 
Novel Y-shaped binary polymer brushes with two incompatible flexible arms and a 
modest length which are attached to a single focal point capable of chemical grafting to a 
silicon surface were been studied in this research. (Figure 1). First phase was developing 
and observation of surface structures in microscale of grafted amphiphilic Y-shaped 
molecules and to determine a simple physical effect upon treatment with selective 
solvents state of their reversible structural reorganization by AFM and contact angle 
measurement. The second phase of this research is to determine the physical and 
nanomechanical properties of Y-shaped brush layer under different solvent condition by 
AFM. 
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1.6 Goal 
The ultimate goal of this research is to design polymer structure with switchable 
nanostructural reorganizations, with the ability to tailor their nanoscale structural, 
tribological and mechanical properties. Moreover, the goal is to observe reversible 
morphologies from pair of amphiphilic polymers base on external condition. The 
motivation of this project is to engineer a responsive material from advance polymers and 
tailor them with new capabilities of adaptive macroscopic wetting surface, switchable 
behavior, reversible morphologies and biocompatibility. 
1.7 Objective 
Binary Y-shaped Polymer Brush 
Grafting of Y-shaped molecules on silicon functionalized substrates by 
optimizing temperature and grafting time. 
Induce amphiphilicity to the brush by post-grafting hydrolysis of one of 
polymer arms. 
Understanding the surface morphology and microstructure of Y-shaped 
polymer structures. 
Testing the morphological properties of those surfaces immersed under 
brushes immersed in variable environmental conditions of good, bad, 
nonselective solvents by AFM. 
. - Determine the stimuli reversible switching between hydrophobic and 
hydrophilic states from segregated pinned micelles to crater like micelles 
at elevated temperature. 
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Observe the frictional and tribological properties on the micro and 
nanoscale. 
uo~ ~ 
Figure 9 (a) Functional SAMs. (b) Simplified view of Y-shaped macromolecular chains 
chemically tethered to a silicon substrate. 
21 
CHAPTER 2 
TAILORED POLYMER BRUSH 
2.1 Grafted Polymer Brush Layer 
Grafting of polymer is a widely used method for the modification of solid surface 
(definition are discussed in Chapter 1). The deposition of polymer brush onto solid 
substrates is of potential interest in many fields ranging from the protection of surfaces~g
from abrasion, collide stabilization or corrosion to several biomedical concepts, such as 
to make implant surfaces to be biocompatibility of medical implant devices79. In all these 
applications a good adhesion of the network to the surface and a good long-term stability 
of the coatings are required. 
The equilibrium properties of such polymer brush systems have been studied for the 
past two decades, yielding general agreement between theory and experiment. On the 
other hand, the nonequilibrium properties (for example in solvent) of polymer brushes are 
still under intense theoretical and experimental investigation. The height of a polymer 
brush is determined by the equilibrium conformation of the tethered chains, which 
depends on both the grafting density and quality of solvent.80'gl'g2 The basic physics 
governing the static behavior of a polymer brush result from a competition between two 
opposing tendencies: one is elastic contraction, as the chains attempts to maximize their 
entropy by adopting random walk configurations, and the other is monomer-monomer 
interactions, such as polymer-polymer repulsions, and polymer-solvent wetting79's3'. In 
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general, there is good agreement with results from experiment, simulations and analytical 
calculations. 
For chemical attachment of tethered polymer layers, two methods were applied: (1) 
grafting polymer to a solid substrate and (2) grating from substrate using a 
polymerization process initialed from the solid surface (figure 10)84. The "grafting to" 
process is limited, because during the process of brush formation the polymer chains 
already attached to the surface act as a diffusion barrier for subsequent further adsorption 
of the polymer chains from the bulk. If short chains are absorbed, the graft density can be 
increased, but this happens at the expense of chain length, which limits the ration of 
thickness to graft distance. Thus graft density and thickness correspond to the beginning 
of a brush formation.85 In the other hand, "grafting from approach" which has been also 
covalently attached to the surface but it occurs via radical polymerization from an 
initiator. The amount of grafted polymer does not exceed approximately 2-10 mg/m2. Not 
like "grafting to" procedure, the polymer chains are grown in situ on solid surface and the 
rate-limiting step is the diffusion of monomers toward the growing chain end rather than 
polymer diffusion. By "grafting from" growing the polymer chains, brush thickness and 
density and obtain large amount polymer.86,8~,88 From this approach, detail of molding of 
the kinetics, mechanism, analysis of the morphology of the grafted layer allow us to 
explain the role of different side reactions on the grafted layer formation. However, 
there are some drawbacks from this approach caused by limit for the reaction. More 
procedure choices have to be considered, such as appropriate monomer concentration, 
temperature, and addition initiator (non attached to the solid substrate). Such procedure 
'~ 3 
limiting often cause unintended polymerization occur, as well a side reactions and chain 
crosslinking. 
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Figure 10 Schematics deception of two fabrication methods (a) Grafting from (b)grafting 
to. M: monomer, S: active surface site, M*: active polymer chain. 
The formation of "grafted to" brush layer can be prepared from solutionor melt. 89'90 
From both preparation which observed only a limited layer thickness by adsorption of 
polymer from solution, due to polymer chains have to against a concentration gradient to 
reach the solid surface after some chains have attached. Moreover, during absorption, 
there is an entropy loss arising from the change of conformation of both adsorbed and 
arriving polymer to accommodate another chain. Since that extremely few polymer 
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adsorb onto a solid surface from a good solvent or 8 solvent, despite of only 
physisorbed or become chemically bound to surface.91,~2
The typical behaviors of a flexible polymer chain in solution is ratified as a 
random-walk configuration. Disparate behavior of free chain, end grafted chain of 
polymer brush is qualitatively and tethering is amply dense that polymer chain are 
crowded and force to stretch away from the surface or interface to avoid overlapping. 
Sometimes tethered chains are much far the than the typical unstretched size of a chain. 
These stretched configurations are found under equilibrium conditions where not required 
external field or a confining geometry does.62
Terminally attached polymer brush having a distance between grafting point D less 
than twice their radius of gyration Rg (figure 11) behave quite differently from their lower 
density (D>2Rg ) counterpart which was discussed before known as mushroom. In good 
solvent, the polymer layer of a brush thickness L is expected to vary linearly with the 
index of polymerization of the chains, N while the radius R of a free chain in a dilute 
solution varies as R«N3~5 (figure 11). A brush can be detected at a distance from the 
surface that is several times longer than the Rg.. The polymer extends beyond Rg to 
avoid a loss in configuration entropy due to the high local segment density in the brush 
despite the penalty incurred by chain stretching. The Alexander-de Gennes model was 
followed more recently by self-consistent field (SCF) calculations and by computer 
simulation.93,9a,9s,96 Although several review articles are available, few of experimental 
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observation to give insight into their truly morphology at nanoscale and direct conclusive 
evidence. 
L =_ aNQl/3
D 
Figurel 1 Schematic representation of a flat tethered polymer brush layer. L is average 
layer thickness, d is average spacing between each chain byAlexander-de Gennes 
model.93
To verify polymer brush layer, several parameter should be evaluated and to compared 
with theoretical prediction.97
1. Grafted layer thickness (L). This was measure by ellipsometry and AFM scratch 
test measurement (See chapter 3). 
2. The amount of grafted polymer (I'). The amount of grafted polymer is calculated 
from grafted layer thickness L (nm) by the following equation: 
r= Lp (1) 
Where p is the density of polymer (g/cm3), the units here are (mg/nm3). 
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3. The grafting density (D): Inverse the average area per adsorbed chain (I') is 
determined by 
D= I' N A x 10-21/M p (6.023 I'x 100)/ M„ (Z) 
where N A is Avogadro's number (6.022 X 1023) and M n is the number- average 
molecular weight of the grafted polymer. The units here are (chain/nm2). 
4. The distance between grafting sites (d): Calculated from grafting density (D) in 
unit (nm) using the formula: 
5. Polymer chain length in bulk state (he): The mean square end to end distance (he) 
of anon-disturbed polymer chain in bulk stat in unit (nm) calculated from the formula: 
he= kx M W o.s (4) 
6. Radius of gyration (Rg): Calculated from the mean square end to end distance (he) of 
a non-disturbed polymer chain in bulk stat using the formula: 
Rg = (he/ 6o.s~ (5) 
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Radius of gyration can measured of the size of a polymer chain, extended to be a 
measure of the size of any molecule. 
2.2 Behavior and Structure of Binary Polymer Brush 
Polymer chains tethered with one end to solid substrates form brush-like layers of 
elongated coils due to the volume-excluded effect. Recently, a type of combination of 
grafted chains consisting several different polymers in the same brush results in 
formation of mixed polymer brushes.98,99 The theoretical analysis of phase segregation 
in binary brushes results in a complicated phase diagram1oo,l0l,l02 and plenty of the thin 
film morphologies. The mixed brushes exhibit switching and self-adaptive properties 
affected by interplay between lateral and perpendicular to the substrate phase segregation 
mechanisms in controlled environment especially grafting two incompatible polymers 
onto surface. 103,104 Furthermore, the same polymer film can switch their wettability, 
surface chemical composdition, adhesive properties thus to controlled environment 
responding on the change of for exaple solubility, temperature, pH. 
The behavior of binary brush composed of similar molecular weight but different 
chemical composition have been analyzed theoretically and inspected experimentally.los
The brush can display two different segregations (Figure 11): lateral and perpendicular 
which can be controlled by incompatibility, composition, and solvent quality of each 
arms. Observation the interaction of polymer with selective of solvent which might 
cause of heterogeneous polymer brush layer of surface properties is a promising way to 
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control surface properties. Lateral structure formation is dominant in nonselective solvent 
and result a ripple morphology. However, in lateral length scale, if the solvent is bad for 
one component, this polymer will form clusters embedded in a matrix (dimple 
morphology) of the other polymer (Figure 12,13 ). Other case is if the lateral scale is into 
the two component segregate into elongation domain or strips. 
b 
Figure 12 Schematic (cross section) illustration of two possible morphologies of mixed 
brush irreversibly grafted to solid substrate. (a) ripple morphology in non-selective 
solvent. (b) dimple (craterlike) morphology in a poor solvent for black region.98
Figure 13 Computer simulization binary brush phase Schematic (a) ripple phase (b) 
dimple phase with rich A (c)dimple phase with rich B.~`~ 
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Conversely in good solvent, the osmotic driving force would push the swelling chains out 
of collapsed layer of the second polymer layer. With this mechanism one can approach 
respond to the change of the surrounding media. Microphase separation has also been 
studied analytically in the strong stretching by Macro and Witten. Binary brush form a 
ripple phase in which the two component segregated laterally into strips rather than 
segregating perpendicular to the substrate. Soon after, Minko et al. explored the first time 
lateral phase separation and interplay between lateral and perpendicular segregation. The 
study shows lateral and perpendicular segregation occur simultaneously and nonselective 
solvents enhance the lateral segregation and furthermore tend to stabilize the ripple 
structure. For selective solvents which enrich the preferred component at the top of the 
brush. Unfavorable component forms dimple or so called "craterlike". Recently, the 
model system containing amphiphilic chain on surface of heterpolymer was exploited.lo6
The amphophlic chains consist of hydrophobic and hydrophilic arms and were shown that 
such simplified switch properties were very useful and could provide additional insight 
for biomedical application. The behavior of a mixed brush in selective solvent is the most 
pertinent for practical applications. Directly scrutinize changing with kinetic and surface 
micromorphology properties of binary brush surface still not sufficiently prevent recently. 
The thickness of the brushes would be related to grafting density D, and chain length 
in dry state through the following scaling law prediction. 
h^ NQ (in poor solvent) (6) 
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Here, N is the degree of polymerization,Q'is the grafting density and D is the distance 
between grafting points and it is constant that is equal to 0.6 for flexible polymer chains 
used in this work. For polymer chain in good and bad solvents, scaling law predicts the 
following equation for stretched chain. This law was considered exposed to a good 
solvent of low molecular weight and according combination situation considered the free 
energy per chain and Flory type approach. The scaling law predicts for polymer chain in 
good solvent condition shows as below. 
11~ NQ1~3 (in good solvent) (~) 
where Q=~a/D~2 is dimentionless grafting density. The scaling law predicts for 
polymer chain in bad solvent condition shows as below. 
h= NQ ~s~ 
2.3 Structure of Y-shaped Binary Brushes 
In previous discuss, binary brushes have abilities to shown promising changes in the 
morphology at the nanoscale which lead to dramatic switching of the surface properties. 
Taking this step further, the novel idea is to develop Y-shaped brushes combining 
dissimilar polymer chains attached to a single short focal point capable of chemical 
grafting to a silicon surface. Recent several review articles give insight into the state of 
art in synthesis and simulating Y-shaped (star) branched polymer.'o~,ios They found out 
that properties of the brush depended strongly on the chain inter architecture. The 
Y-shaped of surface structures formed in binary brushes under conditions of spatial 
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constraints imposed by their chemical connection to a single grafting site. 
Unfortunately, the lack of proper experiments (due to synthetic limitations) did not allow 
for exploring real system and structure. The scheme of the Y-shaped polymer system 
under consideration in this work is shown in figure 14. The chain which grafted was 
called "steam" (considering very short), while the remaining arms called "branches" or 
"arm". One can be claim that the only difference between these brushes was the 
presence of an additional brush (a linear chain can be treated as a steam plus a branch). 
This additional branch introduced more polymer beads into middle and upper layer of 
brush. At low concentration the branches were free to extend parallel to the surface, 
while at the concentration of polymer increased the density of the branches enforces a 
more vertical position of the branches. From simulation (~ gure 14b) with increasing chain 
length, the mean-square center- to end distance of branches increase. l 09 
However the key point of design Y-shaped polymer surface is that the steam of 
Y-shaped polymer is just one side in size and heterogeneities in layer would be easier to 
observe if two arms were actually tethered to each other, as well as to the surface.42
Chains with a short branch of Y-shaped polymer show a very different behavior compare 
with the linear chain. It has been observed that the short grafted branch trends to stretch 
as much as possible in order to allow the two free branches as much as conformational 
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Figure 14 (A)Schematic representation of grafted y-shaped chain. 1'he arrow shows the 
resulting possible lateral motion of the entire chain (B) The mean end to end distance of 
branches versus the chain lengths o9. . 
freedom as possible In previous theoretical studies. s s o The binary grafted layers 
containing hydrophobic and hydrophilic chains confined as anphiphilic grafted molecules 
with different volume ratios of two arms. According to recent theoretical 
considerations, such molecules should form a wide variety of segregated surface layers 
with various surface micellar structures controlled by chemical attachment, grafting 
density, and composition of chains A and B. s s s The formation of pinned, mixed, 
internally segregated and split micelles, as well as striped morphology, on nanometer 
spatial scales controlled by molecular weight and composition has been theoretically 
predicted for different grafting conditions of Y-shaped molecules. From theoretical 
prediction, the upper layer of Y-shaped consists of microsegregated domains of A and B 
arms, which form regular, alternating "stripes" (Fgure 15). 
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Figure 15. Microstructure of Y-shaped polymer brush grafted to epoxy-terminated 
surface. 
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Figure 16 Laterally microsegregated brush formed by Y-shaped tri-block copolymerslll. 
In good or theta solvents, brush loses its lateral homogeneity and splits into separate 
coils. In poor condition, solvents aggregates into "pinned micelles" or "octopus" is D, and 
thus the periodicity is 2D (Figure 16) At low grafting density, a "sparse" brush forms. 
tructures22. Such switching behavior has been shown to be reversible and may be 
employed as a smart material, which has the ability to outer simulation. Therefore, 
Y-shaped polymer brushes are thought of as prospective switchable surface for 
biomedical research of microfluidic devices to ultra precise control the flow and 
patterning surface on solid substrate with adaptive nanowell. 
In the other hand, the conformational properties of the branched (Y-shaped) polymers 
in different environment created by the surface are unclear issue and it is a challenging to 
study for the different chain (Y-shaped) architectures. In fact, there have been no studies 
to experimentally assemble surface by Y-shaped polymer brushes. 
J~ 
Figure 17. Schematic representation of lateral nanophase separation in a grafted monolayer o~ 
Y-shaped molecules with high density and nonselective solvent. (Polymer simulation from Dr 
Zuberv'a lab) 
In this task we intend to fabricate Y-shaped copolymers brushes on solid surface and 
study the surface morphology, conformational, mechanical properties. In order to prove 
reversible switching and reorganization properties of Y-shaped copolymers brushes in 
elective solvents, the kinetic contact angle study and their changing of surface 
microstructure and mechanical properties determining by AFM will present here. 
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CHAPTER 3 
EXPERIMENTAL PROCEDURES 
3.1 General Consideration 
In this work, all polymer layers were prepare on highly polished single-crystal silicon 
wafers of {100} orientation (PureSilicon, Inc.) and cut in pieces of approximately 1.5 x 2 
cm2 before modification. Any surface modification and preparation consists of four 
stages: (1) oven-dried glassware preparation; (2) ultra sonic bath and piranha treatment; (3) 
SAM formation and (4) polymer layer formation. For pattern surface, preparation of the 
PDMS stamps and patterning SAMs monolayer have been processed before polymer layer 
formation. 
3.1.1 Oven-Dried Glassware Preparation 
Nanoscale technique demands clean glassware, because the most carefully executed 
piece of work may give an erroneous result if dirty glassware is used. In our work, during 
the washing, all parts of the glassware should be thoroughly scrubbed with a brush. This 
means that a full set of brushes must be at hand brushes to fit large and small vials, 
burettes, funnels, graduates, and various. The glassware were submerged in Chromic 
sulfuric acid solution for roughly 30-40 minutes. After cleaning, rinse the glassware with 
running tap high purity water (18 M~•cm, Nanopure). When test tubes, graduates, flasks, 
and similar containers are rinsed with tap water, allow the high purity water to run into 
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and over them for a short time. Then, clean glassware was dried at 100°C oven over 
night. 
3.1.2 Ultrasonic bath and piranha treatment 
The substrates (silicon) were first cleaned in an ultrasonic bath for 30 min, placed in a 
hot piranha solution for 1 h. Piranha solution was prepared by mixing of 30% of H2O2
(30% solution in water) added slowly with 70% concentrated sulfuric acid (97%) for 1 h to 
re-grow the oxide layer. And then rinsed several times with high-purity water (18 M~•cm, 
Nanopure). After the rinsing, the substrates were dried under a stream of dry nitrogen, 
placed into 15m1-tubes, ~ lied with nitrogen firmly closed with Teflon caps, and then 
immediately taken the nitrogen-filled glove box. 
3.2 SAM formation 
The epoxysilane compound (3-glycidoxypropyl) trimethoxysilane was purchased 
from Gelest Inc. Toluene obtained from Aldrich and was ACS grade (Toluene anhydrous 
99.8). They were used after distilled from original solution. All the SAM formation 
procedures were established in our group and were used in this work. 112,113 The 
epoyexysilane solutions in toluene were prepared in oven-dried glassware in a 
nitrogen-purged glovebox (under relative humidity below 10}. After the rinsing, the 
substrates were dried under a stream of dry nitrogen and immediately taken into the 
nitrogen-filled glovebox and immersed in epoxysilane solutions of 1.5%(v/v) 
concentrations for different periods of deposition time (from 10 s to 18 h). After the 
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deposition was complete, the modified substrates were removed from solution and rinsed 
several times with toluene. To remove unbound deposited polymers, the substrates were 
additionally placed in toluene in the ultrasonic bath for 20 min. The SAMs formed were 
dried overnight at ambient conditions before measurements. All sample preparations were 
performed inside a Cleanroom 100 facility (Laminare Corporation). After preparation, 
samples were stored in a dry atmosphere in the clean room. The properties of the 
fabricated films (contact angle and thickness) were observed to be unchanged several 
months after preparation. 
~~$~ ,..~~.,....~,s..,,.ti~.. _ .. 
x~Silicon substat 
NZ
Solution of epoxysilane in 
Toluene solvent 
1 
Figure 18. Schematic of SAMs formulation procedure. 
Self-assembled 
epoxysilne 
monolayer 
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box (<5% RH), moved outside the glovebox in OTS solution, dried with a stream of 
nitrogen for 3 0 s, and then brought in contact with the cleaned silicon substrate for 3 0 s in 
ambient conditions. After each printing, the PDMS stamp was sonicated in toluene and 
ethanol for 3 min each and dried with a stream of nitrogen for 2 min to remove 
contaminations. Then, the bare silicon surface areas were backfilled with the epoxysilane 
3.3 Y-shaped polymer layer formation 
For the fabrication of the brush layer, the "grafting to" approach from a polymer 
melt to an epoxy-terminated SAM has been used as discussed in detail in previous section. 
The Y-shaped PS-PBA polymers were spin-coated from a 1.5 wt %toluene solution onto 
the wafers functionalized with the epoxysilane self-assembled monolayers surface and 
OTS-epoxysilane patterned surface.114 The coated wafers were annealed at grafting 
temperatures ranging from 120 to 150 ~ C for 6-18 h to enable the end groups to graft to 
the substrate. The ungrafted polymer was removed by multiple washings with toluene and 
additional washing in an ultrasonic bath. 
To change the Y-shaped PS/PtBA two polymer brush into two dissimilar arm, we 
hydrolyze PtBA arm to hydrophilic poly(t-butyl acrylate) PAA arms imparts 
amphiphilicity to the Y-shaped brush. The grafted PS-PBAThen, the grafted polymer 
brush was then hydrolyzed in the mixture of 30% tetrahydrofuran and 70% trifluoroacetic 
acid for 48 h. The hydrolyzed polymer brush was rinsed with Nanopure water and 
toluene followed by an ultrasonic bath. The samples were dried under a nitrogen 
atmosphere and kept in covered containers. 
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Figure 20 Microstructure of Y-shaped brush 
grafted to epoxy-terminated surface. 
3.4 Kinetic of switching of mixed polymer brushes with solvents 
For investigating the reversible switching of surface properties of Y-shaped 
samples, it can be obtained from the change of contact angle valve of the grafted layers 
after treatment with different solvents. The solvent that swell it the most is accepted as 
having the same solubility parameter as the polymer. The matching of polymer with 
similar solubility parameter solvent (good solvent) to minimized the enthalpy of mixing 
energy which will decrease the change in Gibbs' free energy on mixing causing solution 
process spontaneously and the solvent diffuse into the polymer, swelling it, l l s. ~ the other 
way, in poor solvent polymer approach a collapsed conformation to avoid solvent 
inter-diffusion. In order to investigate surface reorganization of Y-shaped PS-PAA 
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brushes, the samples are immersed in three different solvents including toluene (good 
solvent for PS), mixed solvent of 50% methanol and 50% chloroform (nonselective 
solvent), and water (solvent for PAA) (good) for 20 hrs. After each solvent treatment, 
contact angles of Nanopure water are measured within 10 minutes and repeated in several 
hours. 
The diffusion of the solvent into polymer above its glass transition temperature has 
the most highly swollen polymer referred to follow Fick's laws.116 Therefore, to affirm 
complete surface reorganization, water treatment is conducted at elevated temperature of 
75°C (above the glass transition temperature for PS arms). Considering a detailed of the 
kinetic cycles, samples are first immersed brush layers in toluene for different periods of 
time ranging from 5 min to 18 h. Then, the sample is immersed in water and 
measurements were repeated. All samples are rinsed with the same solvent and dried 
before the contact angle measurement followed by a next treatment period for an 
additional period of time. Each data point is attained for the same sample and the 
switching experiments are repeated several times for each sample. 
3.5 Material 
The Y-shaped molecules samples were provided from Dr. Zubarev's Lab at Iowa 
State University. Carboxyl-terminated PS (Mw 2,400; PDI=1.2) and PBA (Mw=4,200; 
PDI=1.2) were purchased from Polymer Source, Inc. Y-shaped copolymer 1, Y-shaped 
copolymer 2 and Y-shaped copolymer 3 (table 1) had a narrow Mw/Mn 1.07, 1.08, and 
1.07 respectively and the average molecular weight is 7,300, 6520, and 3510 
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respectively.l ~~ Y-shape copolymer 2 had a very narrow Mw/Mn (1.05) was converted 
upon esterification reaction with a hydroxybiphenyl acid silyl ester followed by the 
cleavage of the protecting group. The average length of both chains are 25 monomeric 
units for brush 3, and molecules 1 and 2 is composed of 40 monomeric units and the PBA 
arm has on average 30 units. A volume ratio of PS and PAA arms is approximately 60:40 
(molecules 1 and 2) and 50:50 (molecule 3) from NMR data and their length on the 
corresponding surface morphology. 
.~ 
i 
Figure 21. Chemical structure and molecular graphics representation of Y-shaped block 
copolymers with a short (1, 3) and a long (2) aromatic functional stem. Molecules 1 and 2 
contain 40 and 30 monomeric units, and molecule 3 contains 25 and 25 monomeric units 
in PS and PBA arms, respectively. 
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TABLE 1. Materials list: chemical formula, molecular weight and monomeric unit 
Material Chemical Formula Mn (g/mol) Monomeric 
units 
PS PBA 
PS-PBA 
Y-Shapedl 
(short steam) ~ ' ~ ° I~ 
o 
7300 40 30 
PS-PBA 
Y-Shaped 2 
(long steam) 
~ o 0 i o o°~ 
~ 
0 
~I 
~I 
H O 
6520 40 30 
PS-PBA 
Y-Shaped 3 
(short steam) I ' ~ ° I, 
X O 
3510 25 25 
Epoxysilane C9H2OO5Si 236 NA 
OTS 
~~ 
~H~~~H2~ ~ 6~H2— Si — CI 
CI 
387 NA 
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3.6 Experiment Method 
3.6.1 Ellipsometry 
Ellipsometry is a technique for determining properties of surfaces and thin films. If 
linearly polarized light of a known orientation is reflected at oblique incidence from a 
surface then the reflected light is elliptically polarized. The shape and orientation of the 
ellipse depend on the angle of incidence, the direction of the polarization of the incident 
light, and the reflection properties of the surface. One can measure the polarization of the 
reflected light with aquarter-wave plate followed by an analyzer; the orientations of the 
quarter-wave plate and the analyzer are varied until no light passes though the analyzer. 
From these orientations and the direction of polarization of the incident light we can 
calculate the relative phase change, 1~, and the relative amplitude change (ellipsometric 
angles) , ~, introduced by reflection from the surface. 
An ellipsometer measures the changes in the polarization state of light when it is 
reflected from a sample. If the sample undergoes a change, for example a thin film on the 
surface changes its thickness, then its reflection properties will also change. Measuring 
these changes in the reflection properties can allow us to deduce the actual change in the 
film's thickness. 
The quantities measured by an ellipsometer are ~ and ~ which are related to 
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the complex ratio of the Fresnel reflection coefficients Rp and RS for light polarized 
parallel (p) and perpendicular (s) to the plane of incidence such as 
p = Rp / RS =tan 4~ exp(i a) (g) 
The complex reflectance ratio p is completely determined by an amplitude (tan 
4~) and a phase O and characterizes the differential changes in amplitude and phase. 
These changes are related to a transformation of a shape and orientation of the ellipse of 
polarization, respectively. 
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Figure 22. (a) Schematic diagram of ellipsometry measurement. (b) Picture of an 
ellipsomerty (InOmTech,Inc). (c) A model of the sample layer structure. 
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In order to deduce parameter of unknown sample, a model of sample structure is 
first constructed with initial estimates of the parameter (Figure 23). Then these 
parameters (e.g. refractive index and thicknedd) are varied to generate a set of ~Ye"p and 
~exp 
In this project, ellipsometry (a COMPEL Automatic Ellipsometer (InOmTech, Inc.)) 
is used to evaluate polymer layer thickness with an angle of incidence 70 ° by changing 
polarization of light reflected off a surface. The index of reflection for each layer was 
considered to be constant as "bulk" values. The value of epoxysilne and Y-shaped 
PS-PAA brush is 1.4611 g and 1.528119 respectively. The thicknesses of multiple sample 
layers are measured layer by layer to get total sample thickness. The thickness of silicon 
oxide layer was determined to be within 0.8-1.2 nm for different wafer. All reported 
thickness values were average over six measurements gathered from different locations of 
sample surface. 
3.6.2 Contact Angle Measurement 
Contact angles of liquids on polymer surfaces are widely used to predict wetting, 
chemical composition of the top of molecular layer and adhesion properties of these 
solids by calculating their solid-vapour surface tension. While the theory is based on the 
equilibrium of an axisymmetric sessile drop on a flat, horizontal, smooth, homogeneous, 
isotropic, and rigid solid, it is generally found in practice that a whole range of contact 
angles is accessible experimentally causing wetting or contact angle hysteresis. Contact 
angles on polymer surfaces are not only influenced by the interfacial tensions according 
to Young's equation but also by many other phenomena, such as surface roughness, 
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chemical heterogeneity, sorption layers, molecular orientation, swelling, and partial 
solution of the polymer or low-molecular constituents in the polymer material. These 
effects have to be considered when contact angle measurements are used to calculate the 
solid surface tension of polymers. 
There are two types of the contact angles. One type of the contact angle is static 
which is determined by equilibrium of interfacial tension and formed at a stationary 
liquid front. The other type is dynamic contact angle, which determined by the balance of 
interfacial driving force and the viscous retarding force, is formed at a moving liquid 
front. Thus, dynamic contact angle is rate-dependent. Static contact angle was used in 
this project and can be analyzed in the term Of "apparent" surface coverage or the fraction 
Of silicon surface screened by a film, X3.120 The Cassie equation assumes a simple "two 
phase" model of surface structure and provides the relationship.121
cos6m R ~oSeL+~I-a~ poses; (9) 
Where 8m is measure contact angle,BL is contact angle for a complete layer, and8S1 is 
contact angle of bare silicon. 
The static contact angles measurement were conducted with a sessile drop method, 
measured directly by using acustom-designed optical microscope. For drops that bead 
up, the contact angle provides a qualitative analysis Of the surface energy Of the polymer 
film. Contact angles droplets (1.5~2µ1) of Nanopure water were placed randomly on 
surface 
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and determined within 1 min after deposition. A microscope interfaced monitor the 
shape of drop and the contact angle was measure on monitor screen. All reported values 
are averaged from at least five measurements. 
Light source 
Microscope 
Figure 23. (a) A schematic of the experimental set-up of measuring conract angle (b)A 
water contact angle picture. 
3.6.3 Atomic Force Microscopy 
Surface morphology, nanotribological, and nanomechanicl properties of the 
polymer film studies are measured by Atomic Force Microscopy (AFM) on Dimension 
3000 and Multimode IIIa microscopes (Digital Instrument, Inc., Santa Barbara) (Figure 
24). AFM also is used to study mechanical, adhesive, and friction properties of the 
surface of material. AFM produces three-dimensional (3D) images of an atomic 
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resolution; even subatomic resolution for atomic orbitals.28 The basic principle of AFM is 
use of a laser beam being reflected off of the back of a cantilever to generate an image of 
the sample surface. This laser is housed in the AFM head. In this head are the laser, the 
cantilever, a mirror, and a four quadrant photodiode array. The laser has x and y 
positioning so that it can be positioned on the back of the cantilever. Proper positioning 
of the laser enhances it's reflectance toward the mirror. The reflected laser light strikes the 
mirror. The angle of the mirror can be changed so that the laser hits the photodiode array. 
This deflection is detected by optical methods onto a photodiode position sensor that can 
translate both normal and lateral deflection signal. A feedback loop maintains a constant 
force on the sample by adjusting the height of cantilever to compensate for topograpgic 
feature (Figure 25).122
Figure 24, The Dimension 3000 AFM (left) and Multimode IIIa microscopes (right). 
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Figure 25: Schematic of the feedback loop of the AFM. Schematics demonstrate how the 
laser beam is deflected off the backside of the cantilever onto the photodiode detector. 
Inset is an SEM image of an AFM cantilever. 
In this research, Silicon or silicon nitride tips were used with radius around 40 nm 
in thus research and spring const range from 0.01-50 N/m depending upon different 
samples. Scanning rate in the range 0.3 -2Hz depending variable loading condition with 
scanning scale size, range are from 30~m to 300nm. Two different AFM modes be used 
in this project were tapping mode and contact mode. 
Tapping Mode 
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Tapping mode ideally means the tip of the cantilever used in tapping mode never 
makes contact with the sample being imaged. This technique allow high-resolution and is 
a key advance in AFM of soft, adhesive or fragile sample. Tapping mode imaging 
conquer the limitation of the conventional scanning modes by alternately placing the tip 
in contact the surface to prove high resolution and then lifting the tip off the surface to 
avoid dragging the tip across the surface. Tapping mode imaging is while the cantilever 
vibrating at its oscillation frequency (assembly or near the cantilever's frequency), it is 
brought into close proximity of the sample surface. The oscillating tip is moved toward 
the surface until it begins to lightly touch, or trap the surface. The reduction is necessary 
reduced when oscillating cantilever begins to intermittently contact the surface. This 
reduction in oscillation amplitude is due to identify and measure surface feature. 
In different loading conditions, tapping mode imaging were controlled by the 
set-point amplitude ratio rsp=Asp/Ao where Ao is the amplitude of free oscillation and Asp 
is the set-point amplitude. The set-point amplitude ratio is 0.90.05 and 0.500.05, 
respectively in "light" and "hard" tapping. 
Figure 26. Tapping cantilever in free air (left) and on sample surface (right). 
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Contact Mode 
In contact mode, the AFM tip makes physical contact with the sample. This 
dragging motion of the tip and the surface can cause substantial damage to both sample 
and probe creating artifact in image data. While the tip approaches the sample surface the 
interatomic forces become very strongly repulsive and, since the cantilever has a low 
spring constant (lower that the effective spring constant holding the atoms of the sample 
together), the forces will cause the cantilever to bend following the topography of the 
sample. Therefore, the detection of the position of the cantilever leads to a topographic 
map of the sample surface. In constant mode image the deflection of the cantilever can be 
used as input to a feedback circuit that moves the scanner up and down in Z, responding 
to the topography by keeping the cantilever deflection constant. In this way the total force 
applied by the cantilever to the sample is kept constant122. 
Thickness evaluation was also measure with AFM by "scratch" test. Scratches 
were generated either by stiffness tip multiple scanning with high normal load or with 
sharp steel needle at different loads under contact mode. The scratch on the surface is 
clearly visible in the AFM image to obtain the depth of the scratch taken after the test.123
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Figure 27. Scanning force microscope 
image of hydrogel film, which was 
scratched by multiple scanning with stiff in 
contact mode. 
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Scan in fluid 
The ability to image solid surfaces in a liquid medium makes atomic force 
microscopy (AFM) an attractive tool in the study of liquid-solid interfacial phenomena. 
In this research, scanning was done both in ambient and fluid conditions. Scanning in 
fluid can be conducted in both tapping mode can contact mode. Imaging in fluid with 
tapping mode AFM which allows imaging without remove material on the surface, the 
probe tip rapidly oscillates and taps the surface lightly at the bottom of each oscillation 
cycle. The discontinuous contact eliminates any lateral forces exerted on the surface by 
the scanning tip. Scanning in fluid minimizes forced exerted on the sample by the tip, in 
addition to eliminating capillary and adhesion force at the tip-sample joint122. Scanning 
under fluid gives great advantage of image polymer brush in their native state while 
imaging them under different quality solvent. 
Figure 28. AFM fluid cell (left) and The liquid meniscus between tip and sample in fluid. 
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Amplitude reduced 
Figure 29. Tapping mode cantilever oscillation in free air (top) and near the surface 
(bottom). 
Micomechanical measurments 
Force volume mode allows for the micromapping of mechanical properties of 
polymer surface with nanometer scale resolution, meanwhile obtaining topograpgical 
information.124 Force volume mode which utilize the collection of the force distance 
curve (FDC) over selected surface area, was used for micromechanical analysis (MMA) 
of polymer layer. A single FDC records the force acting on the tip as it approaches to and 
retracts from a point on the sample surface.125 FDC are plots of the deflection of the 
cantilever versus the extension of the piezoelectric scanner, knowing the cantilever spring 
constant the deflection can then be converted into force. These curves can be used to 
measure the vertical force that the tip applies to the sample surface and to study the 
surface properties of the sample. The range of forces that can be measured depends on the 
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stiffness of the cantilever used and can go from tens of pN to hundreds of nN. In the 
diagram is shown a typical F vs D curve obtained with a soft cantilever on a hard sample. 
(Figure30) 
ll 
asrawce 
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~~ 
Figure 30. Components of an FDC. In bc, the "jump to contact", is often due to capillary 
forces from the moisture layer that covers the tip and the sample surface (not present in 
vacuum). Segment fg shows the jump of the cantilever away from the surface, when the 
cantilever force exceeds the adhesive forces. The force of point f is the total adhesive 
force between the probe and the sample. Segment a to d is called the first half cycle of the 
curve while segment d to h is the second half cycle. 
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In this work, data collected were processed using an MMA software developed in 
our lab which provides means for calculation of localized elastic modulus, depth profile 
of elastic modulus, reduced adhesive force, and surface histograms of elastic modulus 
and adhesive force. 
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CHAPTER 4 
Y-SHAPED PPLYMER BRUSHES SURFACE 
In this chapter, we discuss molecules with two different compositions of flexible 
arm Y-shaped PS-PAA brush film by melt/solution grafting to a chemically reactive 
silicon surface with epoxy-terminated SAM as illustrate in chapter 3. The goal of this 
chapter is to tailor the irreversible grafting of dense Y-shape brush layer by way of 
grafting to approach onto a modified silicon surface and to investigate the switchable 
behavior of these amphiphlic brush arms in selective solvents. It is a challenge task to 
control and tailor such ultra thin film. Several questions need to be solved in this 
particular work. The work of this chapter is attempted to study: (1) the best grafting 
parameter for Y-shaped incompatible binary brush onto substrate to form a dense brush 
surface (2) the reversible structural of Y-shaped incompatible brushes reorganization 
upon treatment with selective solvents by AFM (3) the nanomechanical properties of 
these brush in different environments 
In this study, we focused on Y-shaped molecules combining two dissimilar 
(hydrophobic and hydrophilic) polymer chains (arms) with a modest length of flexible 
arms with approximately a 60:40 (brush 1 and 2) and 50:50 (brush 3) PS:PAA volume 
ratio. The epoxysilane SAM on silicon wafer was used as the anchoring surface here. 
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4.1 Result and Discussion 
4.1.1 Grafted Y-shaped brush layer to a functionalized silicon surface 
Tailor optimism Y-shaped layer 
The Y-shaped molecules have two incompatible polymer chain (polystyrene and 
poly(t-buty acrylate)) coupling to a functional stem-like segment (silyl-protected 
3,5-dihydroxybenzoic acid) capable of chemical grafting to a silicon substrate. PS is a 
common stiff polymer, brittleness with high Tg (100 ° C), while PBA is a elastomeric soft 
material with low Tg (-54 ° C) which is adhesive at room temperature and with high 
toughness, low polarity and surface tension. 
For the fabrication of the brush layer, amelt/solution grafting to a chemically 
reactive silicon surface functionalized with epoxy-terminated SAM. For all polymer 
studied, 18 hrs of grafting time is enough to approach a virtually constant thickness of 
grafted layer.126 We investigate the structure of Y-shaped polymer bush with grafting 
time between 15 min to 18 hrs and grafting temperature between room temperature to 
150 C to assume the development of organized microphase structure within the 
molecular thin film (<1 Onm). The challenging of this design is that thin films of polymer 
have tendency to dewett a surface because of their inherently unstable nature although 
polymer brush which can prevent the dewetting effectively due to entanglements between 
tethered and free polymer chain.12~,12g,129 For the preliminary result, first we studied 
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polymer brush layer melting at grafting temperature 150 C. Figure 30 presents 
topographical image of the polymer brush layer at different melting time at grafting 
temperature 150 ° C. Figure 29 (a) shows spin-coated films with thickness 303 nm 
which dewet immediately the brush surface. The depth within a macroscopic hole of 
dewetted spin-coated film is 50.7 nm. The thickness of the Y-shaped layer is measured 
from ellipsometry data (silicon substrate +silicon oxide layer + epoxysilane layer 
+Y-shaped layer) .Figure 29 (b) to (~ grafting with high temperature (150°C) led to film 
dewetting, 
Figure 31. 5 x 5µm2 AFM topographical image of Y-shaped polymer layers (a) at room 
temperature after spin coating and different melt time after spin coating (b) 15 min (c) 1 h 
(d) 3hr (e) lOhr and (fl18hr at grafting temperature 150 ° C. Vertical scale is Snm. 
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which grew with time until the thermodynamic equilibrium. Figure 3 3 shows grafting 
thickness, contact angle and microroughness of Y-shaped polymer layers versus grafting 
time of Y-shaped polymer film. Increasing of grafting time resulted in a graduated 
increase thickness, contact angle and roughness due to dewetted surface and increasing 
aggregated bumps. 
Figure 32. 1 x 1µm2 AFM topographical image of Y-shaped molecule layers (a) at 
room temperature (b) 120 (c) 135 (d)150 C ° at grafting time 6hr. Vertical scale is Snm. 
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Figure 33. Thickness after grafting, contact angle and microroughness of Y-shaped 
polymer layers versus time of the grafting. 
In order to obtain a smooth, homogeneous, dense Y-shaped polymer surface we 
optimized the with various melting temperature from room temperature (25°C) to 135 
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C (below 150 °C ). Figure 32 presents area of 1 x 1 µm2 topographical images of polymer 
layers with grafting temperature 25, 120, 135 and 150 C ° . AFM image display very 
different morphologies and the roughness (RMS) of the grafted film decreased from 2.8 
nm(150C ° )to0.2nm(135 C ° ). 
The thickness and contact angle result with various grafting temperature at 6 hrs 
(figure 33) shows at 135 C° can obtain the most sooth and dense homogeneous polymer 
surface. Thus, we used this optimism grafting parameter for fabricating Y-shaped binary 
brush onto substrate to form a dense brush surface in this study. 
Surface properties 
The coated wafers thus were annealed at grafting temperature of 135°C for 6 hours 
to enable the end groups to graft to the substrate. The un-grafted polymer was removed 
by multiple extractions with toluene and additional treatment in an ultrasonic bath. The 
grafted PS-PBA Y-shaped polymer brush was then hydrolyzed in the mixture of 
trifluoroacetic acid and tetrahydrofuran (70:30 vol.) for 48 hrs at room temperature. The 
hydrolyzed grafted layer was rinsed with Nanopure water and toluene followed by 
ultrasonic bath The layer thickness for all brushes did not exceed 2.8 nm in both initial 
and hydrolyzed states with brushes 1 and 2 having smaller thicknesses (Table 2). 
Evaluation of the grafting parameters in the dry state (from formulate which was 
discussed in chapter 2) showed medium grafting density with the average distance 
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between the neighboring molecules of 2.5-3.6 nm (Table 2). This indicates that, under the 
condition of a bad solvent (air), both flexible arms collapse and form a dry layer with the 
vertical dimension well below the contour arm length (~6-10 nm for different arms). 
Table 2: Surface properties of Y-shaped brush layer. 
Brush Film 
thickness 
(nm) 
RMS 
roughness 
(nm) 
Grafting 
Density * 
~ 
(chain/nm2) 
Grafting 
Distance 
D 
(nm) 
1 1.96± 0.20 0.25 ± 0.02 N/A N/A 
1' 1.35± 0.20 0.37 ± 0.03 0.10 3.6 
2 2.02± 0.10 0.26± 0.02 N/A N/A 
2' 1.96± 0.10 0.72 ± 0.14 0.15 3.0 
3 2.75±0.10 0.23± 0.02 N/A N/A 
3' 1.86±0.21 0.27± 0.03 0.20 2.5 
1, 2 and 3: as-is grafted layers, PS-PBA. 1', 2', and 3': corresponding PS-PAA brushes after 
hydrolysis. 
* estimated from molecular weight and grafted amount according to the known equations as 
discussed in previous chapter. 
The water contact angle of the PS-PBA brush surfaces after grafting (toluene) 
treatment was close to 80° with the lowest value observed for brush 3 (Table 3). These 
values indicated fairly hydrophobic surface as expected for the components of the PS-PBA 
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Y-shaped molecules (90° and 80° for PS and PBA, respectively13o) The lower value of the 
contact angle observed for brush 3 was caused by a higher content of PBA arms (Table 3). 
Therefore, the surfaces of all initial brushes studied before hydrolysis were predominantly 
composed of terminal flexible chains, which completely screened underlying 
epoxy-terminated SAM (contact angle within 50-60 degrees). 
Table 3. Contact angles of PS-PBA and PS-PAA Y-shaped brushes after different solvent 
treatments. 
Brush PS-PBA after toluene 
treatment (degree) 
1 84±3 
2 81±2 
3 77±2 
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4.1.2 Surface morphology of PS-PBA brush layers 
Figure 34 shows the surface morphology of the grafted PS-PBA brushes before 
hydrolysis and after treatment with nonselective good solvent for both arms (toluene). 
AFM images obtained for large surface areas up to 20-30 microns across revealed a high 
Figure 34 Large scale AFM topographical images (10 x 10 µm) of the grafted layers o: 
PS-PBA Y-shaped molecules 1 (a), 2 (b), and 3 (c) after toluene treatment (z range is 5 nm). 
quality of grafted layers with a smooth surface and the absence of microscopic inclusions 
generated by the grafting process or external impurities. Both surface topography and 
phase shift showed only very low fluctuations as can be seen in cross sections presented in 
Figure 3 5 . The roughness of all grafted layers fabricated here did not exceed 0.3 nm within 
the 1 Ox 10 µm surface area that indicates molecularly smooth surfaces. 
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Figure 36. High-resolution AFM topographical (left) and phase (right) images 
(500 x 500 nm) of the grafted layers of the Y-shaped molecules 2 before (a, b) and 
after hydrolysis and the subsequent toluene treatment (c, d). Vertical scales are 5 nm. 
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Figure 37 High-resolution AFM topographical (left) and phase (right) images (500 x 500 
nm) of the grafted layers of the Y-shaped molecules 3 before (a, b) and after hydrolysis and 
the subsequent toluene treatment (c, d). Vertical scales are 5 nm and 10 degree. 
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All grafted layers possessed very smooth surface on a microscale as well. Slight 
grainy topography and a uniform phase shift were observed on high-resolution AFM 
images. The surface microroughness estimated within 1µm2 area was close to 0.2 nm for 
all PS-PBA layers. The lateral sizes of poorly-developed domain morphology did not 
exceed 10-20 nm. Figure 32 shows the high-resolution AFM images of Y-shaped 
molecules 1 before and after hydrolyzed. 
After hydrolysis, phase shift of Y-shaped PS-PAA amphiphilic brush surfaces are 
higher then before hydrolysis Y-shaped PS-PBA brush surfaces from AFM images. Figure 
32- 34 shows Y-shaped molecules 1-3 high-resolution AFM topographical and phase 
before and after hydrolysis images. These data indicated that all PS-PBA brushes within 
grafted layers possessed a very weak segregation state of dissimilar arms unlike 
conventional mixed brushes, which usually demonstrate characteristic, well-developed 
microphase-separated surface morphology with dimensions of different phases reaching 
hundreds of nanometers across. Although the dimensions of the phase-separated 
domainstructures should be controlled by molecular weight, even for a low molar mass 
PS-PBA mixed brushes studied earlier, domain sizes of clear, two-phase surface 
morphology approached a hundred nanometer range.131 Apparently, the confinement of 
dissimilar arms caused by covalent attachment to the same grafting point plays a critical 
role in suppression of the microscopic phase separation and defines the overall surface 
morphology. This, along with shorter length of molecular chains, is responsible for the 
weak segregation state of the Y-shaped brushes before the hydrolysis. 
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4.1.3 Switching properties of Y-shaped PS-PAA brush surface layers 
The thickness of the grafted layers after the hydrolysis naturally decreased for all 
brushes and most significantly for brush 1 and 3 with a shorter stem (Table 2). The 
surface microughness increased but still remained very low (below 0.7 nm). A modest 
increase in the phase contrast was also observed for all brush layers after the hydrolysis 
(figure 35-37). The surface of the amphiphilic PS-PAA brushes was covered with densely 
packed islands, which were more pronounced than in PS-PBA grafted layers. Their 
lateral dimensions were close to 10 nm as estimated after correction for the tip dilation. 
The height of these islands was within 1-2 nm as estimated from the topographical cross 
sections. Similar surface morphologies were observed for all brushes with slightly higher 
surface heterogeneity observed for brush 3 with an even chemical composition 
(PS25-PAA25). All these changes of surface parameters reflected higher heterogeneity of 
the surface composition caused by the appearance of hydrophilic PAA arms along with 
hydrophobic PS arms. 
The contact angle decreased by 5-16° after the hydrolysis and the subsequent toluene 
treatment indicating the presence of a small amount of the hydrophilic component in the 
hydrolyzed brushes. The most significant decrease was detected for brush 3 (Figure 38) 
that is consistent with the highest content of PAA chains in this system (Table 3). The 
values of the contact angle for the Y-shaped brushes were close to that expected for 
PS-enriched hydrophobic surface with the presence of 15-27% of PAA chains as estimated 
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from the Cassie-Baxter equation.132 The contact angle for PAA chains was taken in the 
range of 20-40° as measured in different studies.l33
Table 3 Contact angles of PS-PBA and PS-PAA Y-shaped brushes after different solvent 
treatments. 
Brush PS-PBA 
after toluene 
treatment 
(degree) 
PS-PAA 
after toluene 
treatment 
(degree) 
PS-PAA 
after water 
treatment 
(degree) 
1 84±3 73±3 53±1 
2 81±2 76±3 52±2 
3 77±2 61±1 52±2 
Figure 38. Contact angle molecular 3, (a) PS-PBA brush after toluene treatment (b) 
PS-PAA brush after toluene treatment (c) PS-PAA brush after water treatment 
The surface morphology observed for the grafted layers after the hydrolysis and the 
following toluene treatment (selective solvent for PS arms) corresponds to internally 
segregated "pinned micellar" structure theoretically predicted for sparse brushes of 
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Y-shaped copolymers containing incompatible arms. Considering that toluene is a good 
solvent for PS and a bad solvent for PAA, we further suggest that the topmost surface 
layer is predominantly composed of low surface energy PS arms, which form "coronas" of 
pinned micelles, whereas collapsed PAA arms constitute their "cores". This model can be 
suggested for the brush layer from molecules 1 and 2 with 60% of PS chains. For the 
brush layer from molecule 3 with an even composition, more heterogeneous surface 
should be expected because of insufficient amount of PS chains in the layer to cover the 
surface completely. In fact, all experimental evidences such as higher phase contrast, 
higher surface microroughness, and lower contact angle value for this brush layer 
supported this suggestion. 
4.2 Dynamics of reversible switching of surface properties 
To investigate the limits of the surface reorganization of the amphiphilic Y-shaped 
brushes, Y-shaped PS-PAA brush was then immersed with different solvents treatment 
with functional of time. Conventional binary brush layers are known for their ability to 
change microstructure and properties under the influence of selective solvent.134,13s 
Surface reconstruction and rearrangement of the chemical composition of the Y-shaped 
polymer brush layer after exposure of the samples in selective solvent are anticipated in 
accordance with analogous layer. The first of the investigate of the surface reorganization 
for Y-shaped PS-PAA brushes is to immerse samples in three different solvents including 
toluene (good solvent for PS), mixed solvent of SO% methanol and 50% chloroform 
(nonselective solvent), and water (good solvent for PAA) for 20 hrs. However, it needs to 
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note that the grafting density of the monolayer is not affected by the change of the solvent 
since the polymer chains are irreversibly chemisorbed onto silicon surface. 
Contact angles of Nanopure water were measured within 10 minutes after the solvent 
treatment and repeated in several hours. The contact angle values are the final, stabilized 
values in this study, which remain unchanged with time. Both two Y-shaped PS-PAA 
brush contact angle values showed apparently change after three solvent treatments. The 
sample after toluene treatment for 20hr reached 81 degree and it decrease 10± 1 degree 
after mix solvent treatment. Ultimately, the contact angle value decrease 20 degree more 
after exposure of the sample in water. Thus, a reorganize (swell and collapse) kinetic can 
be expected in this manner. 
The Y-shaped PS-PAA brush was then treated with water (solubility parameter is 
23.4) which is a selective good solvent for hydrophilic PAA arms and with toluene 
(solubility parameter is 8.9) which is a good solvent for hydrophobic PS arm. This 
treatment caused dramatic surface reorganization leading to the formation of novel 
surface, repeated experiments showed that the time dependency of the swelling step was 
reproducible. 
The result of swelling kinetic results of the full cycle contact angle values (Figure 
39-41) shows the value of contact angle after toluene treatment gradually reached 82°~3 
for brushes 1 and 2 within the first 100 minutes and stayed virtually constant even after 
10 hrs of solvent exposure. For all PS-PAA brushes after toluene and water treatments as 
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a function of a treatment time are along with equivalent droplet shape in the limiting 
states. The contact angle of all brushes decreased sharply within the first loo minutes 
after water treatment and gradually reached a similar level of 52°~3 for all brushes within 
several hours, completing a full cycle. Each data point was obtained for the same 
specimen, which was rinsed and dried before the measurement followed by placing it 
back in the solvent for an additional period of time. 
These cycles of the continuous change of the surface wettability are similar for all 
brush layers and can be reproduced repeatedly without declining of the polymer layers. 
The results indicate that the nanoscale structural reorganization discussed above can 
control, consistently and efficiently, macroscopic wetting properties of the amphiphilic 
Y-shaped brushes. 
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4.2.1 Y-shaped PS-PA.A switching of surface morphology 
From to previous investigation conventional binary brush layers are known for their 
ability to change microstructure and properties under the influence of selective 
solvents.'14s Thus, Y-shaped PS-PA.A brushes were then treated with water, which is a 
selective solvent for hydrophilic PAA arms and observed corresponding changes of 
surface morphology. From figure 42, an array of crater-like nanoscale features was 
observed for both short and long stem Y-shaped brushes after water treatment. The craters 
represent discrete objects whose rims were slightly elevated with respect to their 
surroundings (see high-resolution 3D images and the corresponding cross sections in 
Figure 43). 
The surface morphology was the most developed for the brush 2 with uneven arm 
composition and a long biphenyl stem with crater rims elevated by 1-1.5 nm above the 
surrounding matrix (according to AFM cross-section measurement). This treatment caused 
dramatic surface reorganization leading to the formation of novel surface morphology 
(Figure 42).This is due to a higher grafting density and better infra-layer ordering 
facilitated by a longer rigid stem combined with asymmetric arms. For brush 3 with an
even and shorter length of dissimilar arms and a shorter stem, this crater-like morphology 
with rims elevated by only 0.2-0.5 nm was only barely visible under hard tapping 
conditions. Also, it may on account of that steams became much more extended with 
increase of chain length and the stretching of a steam with the grafting density was cause 
by the fact that steam had difficulties with penetrating other parts of the chain and 
themselves.lo9 This type of morphology has not been previously observed in binary 
~~ 
grafted layers such as mixed or diblock hydrophilic-hydrophobic brushes. It needs to be 
note that the AFM tip is responsible for specific artificial phenomena while scanning these 
nanoscale objects. Several most noticeable examples are still clearly visible on the 
high-resolution AFM images (Figure 42). 
First, the depth of the craters is evaluated to be at least 0.5 nm, although, this 
parameter cannot be estimated accurately because of the tip dilation. The apparent overall 
lateral dimension of these features is within 20-30 nm due to the tip dilation as well. In 
addition, an overall shape of the central portion of the craters is obviously affected by 
instabilities between the AFM tip and the elevated surface features with a suddenly 
changing surface composition and contact area. Therefore, a precise estimation of the 
depth and the one shape of these surface features here is impossible. However, as known, 
the distance between the edges of a rim can be estimated correctly from AFM images 
because it is not disturbed by the tip dilation.136
The average diameter of the crater-like structures was within 8-10 nm for all brushes 
as estimated by averaging of at least ten independent measurements for a randomly 
selected array of craters as shown by various markers in Figure 43. Considering 
experimental observations, we suggest that this characteristic surface structure formed 
upon treatment with a good solvent for PAA arms (water) is composed of a collapsed 
central core enriched with PS arms surrounded by swollen PAA chains (see next section 
for detailed elaboration). 
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Figure 42. High-resolution AFM topographical (left) and phase (right) images (300 x300 
nm) of the grafted layers of the Y-shaped molecules 1 (a, b), 2 (c, d), and 3 (e, fl after 
hydrolysis and the subsequent water treatment. Vertical scales are 5 nm for a,c and 10 
nm for e and 20 degrees for all phase images. 
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For this structure, surface exposure of PAA arms should increase the hydrophilicity 
that was, indeed, confirmed by a significant decrease in the contact angle value to 52° for 
all brushes (Table 3). This value indicates that from 65 to 90% of the surface had to be 
occupied by PAA arms as calculated from the Cassie equation. Therefore, a maj ority of 
the brush surface in this state is covered by the hydrophilic PAA arms with a minor 
amount of surface-exposed PS arms. The minimum changes of the surface wettability was 
observed for brush 3 as can be expected for an even composition of flexible arms with no 
significant preference in a volume fraction of either hydrophobic or hydrophilic chains. 
Next, amphiphilic Y-shaped .brushes was conducted additional study with solvent 
treatment in order to test the limits of the surface reorganization of the. It can be expected 
that the treatment of this surface morphology with the mixed solvent, good for both PS 
and PAA arms, should lead to additional swelling of PS cores within the crater-like 
structures and, thus, the disappearance of this collapsed structure. From figure 44, for all 
brushes increase in both lateral and vertical dimensions of the surface structures with a 
conventional domain morphology replacing the crater-like morphology observed after 
water treatment. Swelling of the domain structure was much more pronounced for 
brushes 1 and 2 as expected for compounds with a higher content of PS phase (60%). 
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Figure 43. High-resolution 3D AFM images (150 x 150 nm) of crater-like surface 
micellar structures of the grafted layers of the Y-shaped molecules 1 (a), 2 (b), and 3 (c) 
and the corresponding cross sections. Z scale is 10 nm for brush 1 and 2 and 6 nm for 
brush 3. 
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Figure 44. High-resolution AFM topographical (left) and phase (right) images (500 x 
SOOnm) of the grafted layers of the Y-shaped molecules 1 (a, b), 2 (c, d), and 3 (e, fl after 
mixed solvent treatment (chloroform/methanol 50:50 vol.). Vertical scales are 10 nm and 
10 degree. 
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4.2.2 Y-shaped PS-PAA switching of surface morphology in liquid. 
In this work, the Y-shaped brush was imaged in both contact and tapping mode with 
a silicon nitride tip AFM in aqueous media to exam the Y-shaped brushes in "real 
environment" (different solvents). Although oscillation of the cantilever in liquid incurs 
some disadvantages associated with damping of the cantilever motion by liquid and 
higher force are need to oscillation, its eventual application in liquid brought the 
advantages of the technique to relevant environment. 2g The tapping mode was originally 
developed for AFM operation in air. However, on soft sample this tapping mode AFM is 
much more gentle than the regular contact mode AFM and have performed tapping mode 
AFM successfully in liquid137,13g,139, Operating AFM under liquid significantly reduces 
disruptive influence of lateral force and also decrease the energy dissipation by lateral 
force which causing deformation of soft polymer surface. 137 The difficulties in this 
work are such as solvent evaporate rapidly in air which changes the liquid level 
significantly and result in a shit of the positions of the resonances and also a change in 
their magnitude. 
The Y-shaped PS-PAA brushes were imaged in both tapping mode and contact mode 
by using the V-shaped silicon Nitride cantilevers with soft tips (0.05 N/m). All samples 
were treated in selective solvent over lOhrs before scanned. Height resolution AFM 
images of Y-shaped PS-PAA brushes in Toluene (good for PS) in tapping mode are 
present in Figure 45 The nanodomain structure and morphology is different from the dry 
state. The fluid image in toluene shows a rough surface compare with the image in air 
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(figure 30). The surface roughness under toluene is about 0.55 nm RMS fora 300nm x 
3 OOnm area, as compared with 0.3 7 nm in air. 
nm 
a 
nm 
Figure 45. High-resolution tapping mode AFM topographical and phase of the 
Y-shaped molecules 1 in toluene at 300 x 300nm topography (top left) and phase (top 
right), and 1µm x 1µm (top right) with 3D and cross sectional analysis plot from 300 
x 3~~nm image. Vertical scales are 5 nm anc~ 1 ~ cle~ree_ 
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As in dry state, the AFM image under the toluene shows packed island but with several 
holes and incomplete vertical segregation. Tentatively, the dark area in phase can be 
thought corresponds to the hole in the height image which can be associated with PAA 
within hole and the hole on the order of 3nm scale from section analysis. However, under 
toluene, PS swelling is strong and cause higher heterogeneity of the surface composition. 
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Figure 46. High-resolution tapping mode AFM topographical and phase of the Y-shaped 
molecules 1 in water at 300 x 300nm topography (top left) and phase (top right) and cross 
sectional analysis plot from 300 x 300nm image. Vertical scales are 5 nm and 10 degree. 
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Figure 43 which is under tapping mode in water can be compare with the 
corresponding dry state images of Y1 PS-PAA in Figure 42 and 43. The same craterlike 
morphology is found in both dry and wet state morphology under water which is selective 
solvent for PAA. The depth of the craters is evaluated to be at least 2 nm under water, 
although this parameter can not be estimate accurately the due to tip dilation and artifact. 
The structural roughness under water is about 0.7 nm RMS which is slightly higher, as 
compared with 0.5 nm RMS in dry state. The deeper depth and slight increase roughness 
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Figure 47. High-resolution tapping mode AFM topographical and phase of the 
Y-shaped molecules 1 in water at 300 x 300nm topography (top left) and phase 
(top right) and cross sectional analysis plot from 300 x 300nm image. Vertical 
scales are 5 nm and 10 degree. 
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of the crater may cause by the PAA with smaller volume fracture arm can much stretch 
and facilitate such clustering. 
Figure 47 shows AFM images under contact mode in mix solvent (good for both 
arms). The roughness value of 0.3 nm RMS in mix solvent is indicative a homogeneous 
top layer which is much less than the value of 1.21 nm RMS in dry state (Figure 44). This 
smooth homogeneous layer may cause by both arm swelling under mix solvent and shows 
disappearance of the craterlike structure as in dry state and slight grainy of topography and 
phase segregation was presented. The height of grain size under mix solvent is about 
lnm which is less than the value of 4nm in dry state. 
nm 
300 
Figure 48. High-resolution 3D AFM images (300 x 300 nm) of switchable Y shaped 
PS-PAA molecular 1 in three different solvents. 
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Under those discussions and results, the experimentally determined morphology of 
the solvated state can be made conclusion that the dry stat morphology is close to the 
solvated morphology and with switchable morphology (Figure 48), although, the vertical 
segregation under water and toluene are more prominent with deep holes. 
4.2.3 Force Volume of the Binary Brush 
Force-volume testing of dry and wet polymer brush layers can give direct insight into 
Y-shaped mechanical properties. Several previous reports demonstrate that AFM force and 
distance prod le of the polymer brush layers are sensitive in different solvents and AFM tip 
can penetrate the brush.14o,141,142 Determine in different solvents not only can provides the 
information of surface elasticity but also can manifest whether there is switching of the 
elastic properties associated with the changed morphology discussed above. However, 
several limits and dif~ culty of testing binary brush was proven134 such as highly sensitive 
AFM tip requirement. Similarly Y-shaped polymer brushes have much small scale of 
nanodomain phase separation, high lateral resolution is necessary, which means a very 
small tip radius must have to be used considered in this work. Also, there was limit of 
testing time because the solvents evaporate about few minutes which was not enough time 
to obtain higher resolution of MMA (especially mix-solvent which has chloroform with 
highly volatilities). The surface distribution of the mechanical response for the Y-shaped 
molecules 1 brush layers in air and in solvents of will show here with pixel-by-pixel (32 x 
32 pixel resolution) micromapping of randomly selected surface areas. All the 
measurements are from the repulsive region of the force-distance curve. 
88 
-2 - -4 - 
~ -, o -
o -12 - 
~ -14 - 
a~ _ 
-16 - 
-18 - 
-20 - 
22 
-s - 
-~ - 
-10-
-16 - 
-18 - 
0 10 20 30 40 50 0 10 20 30 
Probe position, nm Probe position, nm 
40 
i 
50 
Figure 49. Force volume image with 32 x 32 x 32 resolution at lxlµm (top left), 
elastic modulus distrib ution (top left), Hight (bottom left) and radom point 
(bottom righ) force-distance curve for Y-shaped PS-PAA molecule 1 layer. 
0.5 _ 
0.4 - 
N 
~ 0.3 - 
E - 
0 o.z - 
N 
c 
d 0.1 - 
0.0 - 
5 
1.2 - 
1.0 - 
~ 0.8 - 
c 
0 0.6 - 
to • 
N 
~ 0.4 - 
0_ 
0.2 - 
0.0 - 
i ~ r ~ i 
10 15 20 25 
Load,nN 
110 15 
Load, nN 
20 
400000 - 
350000 - 
300000 - 
250000 - 
a 200000 - 
~ - 
LLj 150000 
100000 - 
50000 -
0-
5500 - 
5000 - 
4500 - 
4000 - 
~ 3500 - 
~ - 
LLj 3000 ; 
2500 - 
2000 - 
1500 - 
■ ■ ■ ~ 
■ 
(n) 
~ ~ ~ i i ~ ~ ~ i ~ I 
0.20 0.25 0.30 0.35 0.40 0.45 0.50 
Penetration, nm 
■ 
■ 
■ 
■ 
■ 
■ 
■ 
(B) 
25 0 4 
i i ~ i i ~ 
0.5 0.6 0.7 0.8 0.9 
Penetration, nm 
Figure 50. Resulting load penetration curves (left) and elastic modulus depth profiles 
(right) from force volume. Location A refers to the random points in topographic 
image except height point. Location B refers to the height points in topographic image. 
89 
The surface distribution of the mechanical response for Y-shaped PS-PAA 
molecule 1 was obtained in air after exposure to toluene (in glass state). The result of 
MMA at the glassy state showed a mechanically homogenous surface. With 
pixel-by-pixel micromapping 1 µmX 1µm area of randomly selected surface areas 
presented in Figure 49. Location A which is corresponding to rubber elastic PAA, shows 
low value of 280 MPa. However, this value is higher compared with a typical rubbery 
polymer elastic modulus (50-100 Mpa) due to the contribution of glass polystyrene. From 
elastic modulus depth profiles (Figure 49), the effect of silicon is observed around 0.42 
nm which mean the maximum indentation depth is around 0.42 nm. Due to the polar 
character of PAA material compared with the rigid glass PS, the intrinsic difference in 
surface energies will expect to higher adhesion and contrast. On the other hand, in 
location B the value of the average of height point of 750 MPa is close to the 
measurement on PS homopolymer brush value of 600 MPa76 with similar low molecular 
weight (4kg/mol). Height point corresponds to the very top of the PS clusters that 
thickness is around 0.7 nm of the top of the brush. 
According to behavior of location A, it observed for compliant polymer layers above 
of stiff substrate such as silicon oxide or glassy polymer surfaces.143 The results from 
height point allow us to determine the elastic modulus of glass PS layer on the top of 
cluster and its thickness. These results consist with MMA data for PS homobrush layer 
and typical rubber polymer brush. 
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Figure 51 shows MMA result of Y-shaped PS-PAA brush under toluene. From elastic 
modulus depth profiles, the average value of the elastic modulus is about 3 MPa and the 
maximum indentation depth is around l Onm. Since the length of PS arm is about 10 nm in 
Y-shaped molecules 1, the value of maximum indentation depth means that PS arm was 
highly stretched in toluene. Under water (Figure S 1 }, the average of elastic modulus 
increase to 9 MPa which is to be expected from the glassy PS arms aggregation makes a 
significant contribution to the mechanical properties. However, compared the length of 
PAA arm under is around 8 nm in Y-shaped molecules 1, the result indicate PAA highly 
swell to nearly 6nm over PS of PAA arm. 
Since the mechanical properties of PAA (with hydro gel character) are depend on 
whether in water or not. PAA gain and lose water more easily than toluene swell in to PS 
rigid chain. However the result do indicate the expect reordering as PAA swells to nearly 
4-Snm over PS. Total thickness of Y-shaped PS-PAA molecule 1 under toluene is around 
l Onxn compared with 0.7nm in dry state. 
4.3 Models of Y-shaped brush nanoscale structure 
To verify our suggestions based on discussed above from AFM data, molecular 
simulation of the Y-shaped PS-PAA brushes under different conditions and will introduce 
here. Complete molecular modeling was conducted for brush 1 with 60% of PS chains 
which the grafting parameters shown in Table 2. In this simulation will consider the 
experimental data for the grafting density and the chemical composition of brush 1 (40 
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units in PS and 30 units in PAA arms). The molecular reconstruction can be conducted as 
contact angle results demonstrate in Figure 39. From the general theoretical 
consideration of the behavior of polymer chains tethered to a solid surface, it is reasonable 
to expect that in the presence of a nonselective solvent. The Y-shaped molecules would 
adopt the extended conformation with all arms stretching away from the substrate (Figure 
52b). As the quality of the solvent for one type of the arms is reduced, they would 
collapse and form a core of a pinned surface micelle (Figure 52a). The average diameter 
(d) of such micelles estimated from the AFM cross-sectional profiles was about 10 nm. 
Thus, the area it occupies is ~(d/2)2 ~7g nm2 assuming a circular shape of the surface 
structures. From this allows us to estimate the average number of molecules in one 
micelle because it can be expressed as N=A/s, where A is the area per micelle and s is the 
area per one molecule,144 Since the experimental grafting density for a PS-PAA brush 1 is 
one molecule per 10 nm2 from Table 2 (converted from grafting density), one micelle 
contains on average 7.8 grafted molecules as depicted in our model (Figure 52b). 
Simplicity, we considered seven molecules, six of which were placed in the corners of a 
hexagon and one in its center with constrained atomic coordinates of 
3,5-dihydroxybenzoic acid stem reveals that 
The average distance between the neighboring grafting points of 3-4 nm was 
determined experimentally (Table 2). The modeled the brush as a set of Y-shaped 
molecules placed 3.5 nm apart in a hexagonal lattice (Figure 52b). The collapse of seven 
PAA arms after toluene treatment should result in formation of a dense core in the center 
of a hexagon corresponding to one pinned micelle. At the same time, seven PS arms would 
form micelle's corona as represented in Figure 49a. Force field minimization of this 
9 ~' 
Figure52. Molecular models of the proposed structural rearrangement in Y-shaped 
brushes. Internally segregated pinned micelle composed of seven grafted PS-PAA 
molecules spaced 3.5 nm apart. Upon treatment with toluene and the following drying, 
the PS arms (blue) form corona covering the micelle's core consisting of seven PAA 
arms (red). (b) Representation of the same seven molecules 1 swelled in a nonselective 
solvent (yellow). (c) Top-open crater-like structure containing seven collapsed PS arms 
partially covered by seven PAA chains. (Polymer simulation from Dr. Zuberv'a lab) 
micelle with constrained atomic coordinate of 3,5-dihydroxy benzoic acid steam reveals 
PS arms can cover nearly all the area occupied by the PAA core since the volume fraction 
of PS arms is about 60 %. On the other hand, when similar modeling is done for a reverse 
micelle (in a good solvent for PAA), the full coverage of bulkier PS core with PAA chains 
cannot be completed. In this case, energy minimization drives a localization of PA.A 
arms on the outer walls of the micelle with a central, non-covered area revealing the PS 
core (Figure 52c). This model is consistent with the observed crater-like morphology, 
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grafting parameters, and the surface composition of both Y-shaped brushes 1 and 2. On a 
larger scale, an array of pinned micelles undergoing structural reorganization into 
crater-like micelles caused by changes in solvent quality can be simulated with molecular 
Figure 53. Molecular graphics representation (top view) of 20 surface micelles containing 
140 Y-shaped molecules 1 spaced 3.5 nm apart in a hexagonal lattice. Treatment with 
toluene results in a complete coverage of PAA cores with PS chains (top), whereas 
treatment with water leads to a crater-like morphology (bottom). Hydrogen -blue, oxygen 
- red, carbon -white. (Polymer simulation is from Dr. Zuberv'a lab) 
modeling as presented in Figure 53. In these models different chains are color-coded (PS 
blue, PAA red) indicating that, indeed, initial surface after toluene treatment can be 
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completelyc covered with PS chains. Contrary, the formation of reverse surface micelles 
with acrater-like shape (Figure 52c) resulted in inevitably heterogeneous morphology 
composed of an array of nanoscale structures tethered to the solid substrate (Figure 53). 
The crater-like morphology has not been predicted theoretically for Y-shaped 
brushes. It is qualitatively different from the "dimple" morphology predicted and found in 
mixed binary brushes (discussed in Chap.2), according to the observed craters are spatially 
isolated and do not fuse into a continuous matrix.14s Several reasons may account for this 
unusual morphology. The smaller volume fraction of PAA arms (40%) can facilitate 
such clustering. Alternatively, the interactions between PAA and the silicon surface can be 
strong enough to prevent conformational rearrangements of some arms and keep them 
permanently in the immediate vicinity of the hydrophilic substrate. The short length of 
both arms might contribute to such clustering as well. 
According to the reasons and results above, one simple conclusion is obvious. The 
Y-shaped molecular architecture imposes conformational constraints limiting micro- or 
macrophase separation. It exhibits structures with truly nanoscale lateral dimensions, 
which are much smaller than those found in mixed and diblock copolymer brushes.2,4,146 
The reason is mixed binary brushes containing much longer polymer chains which lead to 
macrophase separation, and as a result, much larger surface structures. It is important to 
emphasize that the size of the surface micelles is directly dependent on the length of the 
arms of the grafted Y-shaped molecules. Since that length is within 8 to 10 nm in 
molecules 1 and 2, the size of the surface morphological features has to be similar to that 
value and cannot significantly exceed it. From this work we can conclude that the 
96 
combination of both the short length of the arms and the Y-shaped molecular architecture 
are primarily responsible for the observed nanostructured surface morphology. Thus if 
nanostructures are to be realized in polymer brushes, they should not have high molecular 
weight chains, which in many cases is considered to be an important synthetic target. 
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CHAPTER 5 
CONCLUSION AND OVERVIEW 
Adaptive switchable surface are the next frontier in polymer science engineering and 
technology. This emerging state of the art technology has been received considerable 
attentions and great amount devoted last decade. Stimuli-responsive polymer surfaces 
that respond with dramatic property changed to changes in their environment. This novel 
concept of adaptive switching surface based on polymer brushes could be used for 
directed assembly of inorganic nanoparticles and nanotubes, as well as to precisely 
control liquids flowing through microfluidic devices that hold promise for biomedical 
research and medical diagnostics. With these highly controllable surfaces, several 
properties such as wettability and adhesion on surface can be tuned. Moreover, such fine 
polymer based surface can be applied for selective trapping and sensing components such 
as protein and enzyme which provide great potential in biotechnologies and 
pharmaceutical industry. 
In this research, we report the design of nanoscale switchable surface using Y-shape 
polymer brushes. We have developed a procedure to fabricat and characterized novel 
Y-shaped brush layers chemically grafted to the silicon surface. We demonstrated that 
spatial constraints imposed by a covalent junction of two dissimilar (hydrophobic and 
hydrophilic) polymer chains with medium molecular weights in Y-shaped molecules 
caused the formation of a novel type of segregated surface micellar structures (pinned and 
crater-like), which measure only 10 nm in diameter. An array of crater-shaped nanoscale 
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features of different contrast was observed for both short and long stem Y-shaped 
molecules. 
In conclusion, we claimed the formation of such nanoscale features was mainly 
caused by covalent junctions of dissimilar arms to a single grafting point (Y-shaped 
molecular architecture) and can also be due to a relatively short length of the arms. These 
two features are believed to be responsible for a weak segregation state of the Y-shaped 
1. Covalent grafting 
to silicon substrate 
2. Treatment with 
selective solvent 
nm 
Figure 54. The predict of molecular graphics representation (top view) of 9 surface 
micelles containing 42 Y-shaped molecules 1 spaced 3.5 nm apart in a hexagonal 
lattice. Hydrogen -blue, oxygen -red, carbon - white.Treatment with water leads 
to a crater-like. Acrater-like AFM morphology (bottom). (Polymer simulation is 
from Dr. Zuberv'a lab) 
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brushes before and after the hydrolysis. This type of surface morphology is very different 
from conventional binary grafted layers such as mixed and diblock amphiphilic brushes. 
In this research, we proposed a new model of segregated pinned micellar surface 
structures and reverse crater-like micelles featuring different segregation states of PS and 
PAA arms of a core-shell type. The microstructure suggested on the basis of AFM results 
was supported by molecular modeling of the conformational states of tethered Y-shaped 
molecules and their aggregates. These micellar nanostructures are capable of 
conformational reorganization after exposure to selective solvents. From results through 
this research shows the type of surface structures and switching behavior are similar for 
all three brushes studied here with minor variations related to changes in 
composition/molecular weight of flexible arms and the stem length. Switching of the 
surface wetting properties driven by changes in local heterogeneous composition of 
Through this research, Y-shaped polymer brush was proven its potential interest 
because resulting nanoscale morphology of crater-like type can facilitate assembly of 
inorganic nanoparticles, proteins, and charged chemical species. The approach proposed 
here can be considered as a promising way toward patterning of solid substrates with 
adaptive nano-wells, which can be used for controlled and selective trapping of adsorbing 
nanoscale objects and furthermore may use to tailor pattern for very specific about what 
we want to target . 
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